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A numerical model based on the finite differences method was developed to analyze the effect of sea-
sonal variations, human comfort temperature, and wall design on the thermal performance of a single
house dwelling in the climate conditions of Oslo (Norway) utilizing multilayer walls containing phase
change materials. Special attention was given to the addition of an insulating layer and on variations of
the assumed human comfort temperature, since these factors have received little attention previously.
The thermal performance was found to be significantly improved by integrating microencapsulated
phase change materials (MPCM) into geopolymer concrete and by adding pure phase change materials
(PCM) to multilayer walls. Optimum conditions (thick PCM layer and thin insulating layer) resulted in an
annual energy reduction of 28e30%. PCM was found to be more effective when it was located closer to
the outdoor environment. Increasing the thickness and reducing the thermal conductivity of the insu-
lation layer significantly decrease the energy consumption of a heating and cooling system, but reduces
the effectiveness of the high heat storage capacity of the MPCM/PCM. The multilayer walls exhibited best
performance in summer, with up to 32% energy reduction in the lower range of the considered human
comfort zones (18 C).
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Phase change materials (PCM) are able to store and release large
amounts of thermal energy during the phase change. Integration of
PCMs in buildings [1e16] improve the thermal energy storage ca-
pacity, leading to reduced energy consumption. This is a promising
solution for using less energy to maintain a comfortable indoor
temperature. Considering that approximately 40% of the total en-
ergy consumption in cities is related to heat regulation of buildings
[17,18], this can contribute to a considerable reduction of energy
consumption. PCM can be incorporated into different parts of
buildings such as walls, ceilings, windows, and floors. Of these,
integration of PCM into walls have received special attention due to
the larger exposed surface area. PCM can be sandwiched
between the external and internal layers of multi-layer walls
[19,20], or integrated into cements, mortars, concretes, and gypsum
panels as microencapsulated phase change materials (MPCM)
[7,11,12,21e25]. Both experimental and numerical studies illustrateniksen).
Ltd. This is an open access article ua very promising potential for saving energy by integrating PCM
into walls [7,8,22]. Compared to experimental studies, which are
usually costly and time consuming, simulations are able to deter-
mine the efficiency of a design without physically building the
systems. This leads to reduced investigation times and the much
lower overall cost.
Most previous studies are investigating the correlation between
the PCM properties (phase change temperature, heat of fusion, PCM
concentration, PCM thickness) and the outdoor environmental
conditions (outdoor temperature, season, solar radiation)
[19,21,26,27] on the energy efficiency of the buildings. However,
studies on the effects of insulation and the presumed human
comfort zone on the effectiveness of PCM in buildings are scarce,
although these factors play an important role on the thermal per-
formance. Furthermore, there are conflicting observations
regarding the influence of season (summer, winter, spring and
autumn) on the effectiveness of PCM in buildings [28e30]. Dis-
similarities in the considered climate conditions (solar radiation,
outdoor temperature variations), building design (wall structure,
PCM type) and the human comfort zone applied in the models
might be the cause for these discrepancies.
The present work describes a mathematical model based on thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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buildings utilizing multi-layer walls containing a phase change
materials layer (PCM) and a layer of geopolymer concrete inte-
grated with microencapsulated phase change materials (GPC-
MPCM). Geopolymer concrete was selected because it is an envi-
ronmentally friendly material with low CO2 emission, combined
with good mechanical and thermal properties [6,7,31e34].
Furthermore, it is well suited for integration with MPCM to form
high heat storage capacity concrete which satisfies the required
mechanical strength for building applications [7,22,23]. The ther-
mal performance of multi-layer walls containing phase change
materials (PCM layer and GPC-MPCM layer) at the climate condi-
tions of Oslo (Norway) over a span of one year was evaluated. The
effect of climate conditions, human comfort zone, and wall design
(thickness, material selection) was given special attention as pre-
vious knowledge of these aspects are limited.
2. Experimental
2.1. Materials
Geopolymer concrete (GPC) was fabricated by mixing class F fly
ash (FA) (density¼ 2.26± 0.02 g/cm3 Norcem, Norway), ground
granulated blast furnace slag (GGBFS) (density¼ 2.85± 0.02 g/cm3,
Cemex, Germany), sand (density of 2.7 g/cm3, Gunnar Holth and
Skolt Pukkverk AS, Norway), aggregates (density of 2.6 g/cm3,
Gunnar Holth and Skolt Pukkverk AS, Norway), retarder (density of
1.2 g/cm3; FLUBE OS 39, Bozzetto Group, Italy), and an alkaline
activator solution. The alkaline activator solution is a mixture of aTable 1
Composition of Geopolymer concrete.
MPCM (wt.%) Alkaline solution (g) Water (g) FA* (g) GGBF
0 200 50 300 200
5.2 200 50 300 200
(*) FA: Flyash.
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Table 2
Thermal properties of the materials for the multi-layer walls [23,26,35].
Material k (W/m ºC) Cp (J/kg ºC)
Cpo,s Cpo,l hl hr
GPC 1.35 891 e e e
GPC-MPCM 0.74 1125 1125 851 851
PCM21 0.20 3420 1170 41722 49500
Insulation 0.10 1000 e e esodium silicate solution (density¼ 1.93 g/cm3, 35wt% solid with
27wt% of SiO2 and 8wt% of Na2O) and a 14M NaOH (560 g/L) so-
lution at a ratio of 1.5 [22]. In order to improve the thermal per-
formance, microencapsulated phase change materials (MPCM) was
integrated into geopolymer concrete (GPC-MPCM) at 5.2 wt%. The
microcapsules MPCM24D (MF/PCM24) was purchased from
Microtek, USA. The microcapsules have a paraffin core and a
melamine-formaldehyde polymer shell (MF). MF/PCM24 has a
diameter of 10e30 mm, a melting point of 21.9 C, and a latent heat
of 154 J/g [22]. The composition of the geopolymer concrete is
summarized in Table 1. The specific heat capacity and thermal
conductivity of GPC and GPC-MPCM were previously determined
by a home-made guarded hot plate system and is summarized in
Table 2 [22,23].
A phase change material RT21 (PCM21) (Rubitherm, Germany)
with a melting point of about 21 C and a high latent heat of 148 J/g
was utilized as an additional layer in the multi-layer walls to
improve the thermal performance. Fig. 1 shows the specific heat
capacity of PCM21 determined by differential scanning calorimetry
(DSC). The thermal conductivity of PCM21, the specific heat ca-
pacity, and thermal conductivity of the insulation layer are ob-
tained from the literature [26,35].
2.2. Specific heat capacity
In order to integrate the specific heat capacity into the model,
the specific heat capacity as a function of the temperature of the
materials can be described by Ref. [23]:S** (g) Sand (g) Aggregate (g) Retarder (g) MPCM (g)
871.2 851.7 5 0





wl wr ml mr Tm
e e e e e 2199
6.3 2.9 1.4 5.3 23.7 1875
0.54 4.80 0.94 214 21.08 825
e e e e e 500
Fig. 1. The specific heat capacity of the phase change materials RT21 (PCM21) as a function of temperature. The black solid line is experimental values obtained by DSC. The red line
shows the fitted values according to Eq. (1).
V.D. Cao et al. / Energy 186 (2019) 115792 3where Tm, wl and wr are the melting temperature, and the phase
change temperature range on the left side and right side of the
melting peak, respectively. hl, hr, ml and mr are the height of the
melting peak on the left and right side, and the shape parameters
for the left and right side of the peak, respectively. Cpo,s and Cpo,l
are respectively the specific heat capacity of solid PCM and liquid
PCM (outside the melting range). See Cao et al. [23] for more in-
formation about the Cp(T) fitting process. The thermal properties of
the materials used for the multi-layer walls are summarized in
Table 2.
2.3. Numerical method
A passive single-family home with geopolymer concrete walls
containing MPCM and a PCM layer was numerically evaluated at
the climatic conditions of Oslo, Norway. The simulated home di-
mensions were generated according to Norwegian building stan-
dards TEK17, where the total wall area of a single-family home in
Oslo is about 132m2 [36]. Accordingly, the north and south walls
were assumed to be 3 12m2, while the east and west walls were
set to 3 10m2. All walls were made of multi-layers as illustrated
in Fig. 2. The referencewalls weremade of three layers consisting of
an insulation layer sandwiched between two pure geopolymer
concrete walls (Fig. 2b). In order to investigate the influence of
MPCM on the thermal performance, geopolymer concrete con-
taining 5.2 wt% of MPCM was be used to replace the pure geo-
polymer concrete. Furthermore, the effect of PCM on thermal
performance of the house was also determined by adding a layer of
pure PCM, as illustrated in Fig. 2c. This combination is denoted
MPCM/PCM walls.
The following assumptions of the material properties and
environmental conditions were made to simplify the calculation
process: The thickness of the multi-layer walls is significantly smaller
than the other dimensions. Therefore, the heat transfer process
across the concrete walls is assumed as a one-dimensional
problem.
 The wall layers are homogeneous and isotropic.
 There is no heat generation in the wall layers.
 The convection effect in the melted PCM is omitted.
 The heat from people and devices are neglected.
 The contact resistances between wall layers are neglected
 The ceiling and floor are assumed to be fully insulated, so that
there is no heat gain/loss through them.
 The thermal exchange with the ground is neglected.
Under the above assumptions, for a wall facing the b direction
(south, east, north and west), the local wall temperature Tj within
layer j at any time t and location x is governed by the 1-D transient








where kj,b, rj,b, x are, respectively, the thermal conductivity, density,
and thickness of layer j of a wall facing direction b. Cpj,b (T) is the
specific heat capacity as a function of temperature of layer j.
In order to numerically solve Eq. (2), the fully implicit finite
differencemethod (first order in time), which has good accuracy for
large time steps will be employed [40]. According to this method,
the mediumwill be discretized into a number of nodes, where Dx is
the distance (thickness) between two adjacent nodes. The volume
elements over the nodes, where the energy balance is applied, are
formed to determine the temperatures at all nodes of the sample
(Fig. 4) [23,40].
The heat capacity method for simulating phase change has
Fig. 2. (a) Illustration of a single house using multi-layer walls with (b) reference wall
and (c) MPCM/PCM wall. It is assumed that the ceiling and floor is fully insulated.
V.D. Cao et al. / Energy 186 (2019) 1157924previously been validated against experimental data [23].
 Interior node i¼ 1 (x¼ 0, indoor wall surface) (boundary con-
dition [37]): The wall was subjected to convective heat transfer
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Fig. 3. The simulated indoor surface temperature, room temperature and compen-
sated power from the HVAC system of a single house with MPCM/PCM walls. Exterior node i¼N (x¼ L, outdoor wall surface) (boundary
condition [30,37,39,41]): the exterior wall surface is subjected to
a real outdoor temperature and a solar radiation heat flux (qʺs).
The combined convective and radiative heat transfer is imposed























i;b are the temperature of node i of thewall on direction b
at time t and time (tþDt). In addition, Dt ¼ 600 s and Dx ¼ 0.001 m
were selected for all cases in the current simulation. MATLAB
(Mathworks Inc., Natick, MA, USA) was employed to program and
solve the above equations for all nodes.
The Stefan-Boltzmann constant (s); the total absorptivity (as)
and the emissivity (ε) of the outdoor wall surface; the indoor heat
transfer coefficient (hi) and the outdoor heat transfer coefficient
(ho) were taken from ASHRAE [42]. Accordingly, hi and ho were
respectively set to 8W/m2 K and 20W/m2 K [42], which has been
utilized for similar calculations previously [39,43,44], while as and ε
were 0.65 and 0.87, respectively.
Tsky and TN,b are the average sky temperature and the outdoor
wall surface temperature (x¼ L), An average sky temperature Tsky¼
(Tout-12) ºC was used [44,45]. The initial temperature was assumed
uniform throughout the system and equal to 20 C.
The outdoor temperature Tout and solar radiation q
00
s as function
of time for a typical year in Oslo for Eq. (2) were obtained from
weather data and are shown in Fig. 5 and Fig. 6 (Climate Consultant
software [46]).
The heat energy can be transferred from the wall to the room air
by convection:










where Ab is the wall area in direction b, qconvection,b and QHVAC,b are
the unit energy convection (per 1m2 wall area) and unit power
consumption of the HVAC system of the b facing walls. The unit






V.D. Cao et al. / Energy 186 (2019) 115792 5The indoor temperature (Troom) was controlled within the hu-
man comfort zone, with a temperature range of [Tmine Tmax] by the
heating and cooling system (HVAC). Accordingly, the HVAC will be
on if the room temperature is outside the temperature range be-
tween Tmin and Tmax, to maintain the room temperature within the
human comfort zone. The HVAC system will be off when
Tmin Troom Tmax. The simulated compensated heating loss/gain
through buildings by the HVAC system to maintain the room
temperature within 19e21 C is illustrated in Fig. 3. Accordingly,
the power supplied by the HVAC system can be expressed as:
QHVAC;b ¼
8<
: qconvection;b if Troom < Tmin and Troom > Tmax0 if Tmin  Troom  Tmax
9
The energy consumption of the HVAC system for each wall









qconvection;bdt if Troom < Tmin and Troom > Tmax
0 if Tmin  Troom  Tmax
10The average energy consumption through all four wall orien-





The energy reduction Er is:
Er¼ Eave; ref  Eave;MPCM=PCM
Eave;ref
,100% 12Fig. 4. Schematic representation of the multi-layer walls containing PCM materials
with boundary conditions.where Eave,ref and Eave, MPCM/PCM are the average energy consump-
tion of the HVAC system for the reference wall and the MPCM/PCM
wall, respectively.2.3.1. Effect of MPCM addition and PCM layer
The thermal performance of walls containing geopolymer con-
crete with 5.2 wt% MPCM compared to walls containing pure geo-
polymer concretewas investigated. In order to improve the thermal
performance of a family house, a thin layer of PCM was added and
sandwiched between the insulation and concrete layers. In the
simulations, the outer wall surfaces of the multi-layer walls were
exposed to a realistic outdoor temperature variation and solar ra-
diation while the indoor room temperature of the human comfort
zone was kept in the range 19e21 C. The thickness of the wall was
kept constant at 25 cmwith a 5 cm insulation layer, a 10 cm interior
GPC-MPCM layer, and a (10-x) cm exterior GPC-MPCM layer. A PCM
layer of x cmwas sandwiched between the insulation layer and the
exterior GPC-MPCM layer. x was varied from 0 to 5 cm. Further-more, the effect of the PCM layer position on the thermal perfor-
mance was also investigated.
2.3.2. Effect of insulation layer properties
The thickness of the insulation layer and its thermal conduc-
tivity were varied in order to evaluate the effect of insulation layer
on the thermal performance of a single-family house. The insu-
lation layer thickness was varied from 2.5 to 10 cm while its ther-
mal conductivity was changed from 0.02 to 0.10W/m C. The
energy reduction was determined by comparing with corre-
sponding reference walls, which contain 10 cm GPC on each side
and x cm (2.5e10 cm) of the insulation layer in the middle. The
human comfort zone was set as 19e21 C.
2.3.3. Effect of the human comfort zone


















Fig. 5. The outdoor temperature (obtained from weather data-Climate Consultant
software [46]) in Oslo.











































































































































Fig. 7. The simulated indoor surface temperature, room temperature and compensated power from the HVAC system of a single house using a reference wall and MPCM/PCM walls
during (a) 15th to 20th of January (winter) and (b) 28th of July to 02nd of August (summer).
V.D. Cao et al. / Energy 186 (2019) 1157926which temperature range they feel comfortable, it is therefore
interesting to evaluate how these preferences affect the energy
consumption and energy reduction of the HVAC system. In these
simulations, the thickness of the MPCM/PCM walls is 25 cm with a
5 cm insulation layer (k¼ 0.10W/m ºC), and a 3 cm PCM layer at
position 1 (closer to the outdoor environment). For the human
comfort zone, the average maintained indoor temperature
(Tmax þ Tmin)/2 was varied from 18 C to 25 C (in steps of 1 C)
while the maintained indoor temperature amplitude (Tmax-Tmin)/2
was set to 1, 2, and 3 C. The utilized temperatures are similar to the
human comfort zone recommended in ASHRAE [42] and in other
previous calculations [21,26].3. Results and discussions
3.1. Effect of MPCM addition and PCM layer
The effect of utilizing a GPC-MPCM layer and a PCM layer was
investigated. A schematic of the MPCM/PCM walls and the refer-
ence walls is depicted in Fig. 8. Fig. 7 shows the QHVAC, the indoor
surface temperature and the room temperature as a function of
time for a south-facing wall during winter (from 15th to 20th of
January - Fig. 7a) and during summer (from 28th of July to 02nd of
August - Fig. 7b) at the climate conditions of Oslo. The higher heat
storage capacity and lower thermal conductivity (Table 2) of the








































Fig. 8. The annual energy consumption and energy reduction of the HVAC system for
maintaining the room temperature within the human comfort zone of 19e21 C as
function of PCM layer thickness. The inserted pictures illustrate the reference wall and
the MPCM/PCM wall.
V.D. Cao et al. / Energy 186 (2019) 115792 7wall containing GPC-MPCM maintain the temperature better than
the reference wall. Therefore, the HVAC system requires a lower
amount of heating and cooling power. As can be seen from Fig. 7b,
during these summer days utilization of GPC-MPCM maintains the
room temperature within the human comfort zone without the
need of a HVAC system.
The total energy consumption for the HVAC system is the sum of
the heating energy consumption when the indoor surface tem-
perature is in the range Ti¼1,x¼0< Troom (heating zone), and the
cooling energy consumption when the indoor surface temperature
is in the range Ti¼1,¼0> Troom (cooling zone). The annual energy
consumption for the HVAC system to keep the room temperature
within the human comfort zone and the energy reduction due to
the utilization of MPCM/PCM are calculated by Eq. (10)e(12) and
are summarized in Fig. 8. After adding 5.2wt% of MPCM, the annual
energy consumption decreases from 140 kWh/m2 (for the reference
wall without MPCM) to 121 kWh/m2 corresponding to a 13% energy
reduction.
The addition of a PCM layer to the wall has a significant effect on
the thermal performance of the single house. As can be seen in
Fig. 8, the annual energy consumption of the HVAC system to
maintain the room temperature within the human comfort zone
(19e21 C) decreases significantly when the thickness of the PCM
layer increases. The annual energy reduction reach approximately
28% after adding a PCM layer of 5 cm. The higher PCM concentra-
tion in the wall when the thickness of the PCM layer is raised cause
an increase of the overall thermal resistance and heat storage ca-
pacity of the wall. The annual energy savings in the current work
(28%) is relatively high compared to previous studies (Chan- 3% in
Hong Kong [47], Peippo et al. e 15% in Wisconsin (USA) [48], Thiele
et al. e 18% in San Fransisco (USA) and 32% in Los Angeles (USA)
[49], Diaconu et al. - 12.8% in Bechar (Algeria) [30]). Although the
configuration of the wall, the PCMmaterials and climate conditions
are different between the current work and the previous studies,
the better annual energy saving is a very promising result of the
current work.
The thermal performance of two different positions of the PCM
layer (Fig. 9) was also investigated. They are called position 1, where
PCM layer is closer to outdoor environment, and position 2, where
PCM layer is closer to indoor condition. The thickness of the wall
was kept constant at 25 cm with a 5 cm insulation layer, and a
1e5 cm PCM layer.
The temperature variation across the PCM layer at different PCMpositions and the energy reduction compared to a corresponding
reference wall during summer and winter are shown in Fig. 9.
During summer, the temperature variation across the PCM layer is
within the PCM melting temperature range for both cases. This
utilizes the effect of the high heat storage capacity of PCM during
the phase change. As can be seen from Fig. 9a, when the PCM layer
is at position 2 (closer to the indoor environment) the temperature
variations fluctuate less than at position 1 (closer to the outdoor
environment). The lower temperature variation within the melting
temperature range can minimize the effect of the phase change,
causing a lower energy efficiency of the PCM layer [20]. Accord-
ingly, the wall with the PCM layer at position 1 has a higher energy
efficiency than at position 2. This observation is in good agreement
with Fig. 9c, where the wall with the PCM layer at position 1 (closer
to the outdoor environment) has a higher energy reduction
compared to position 2 (closer to the indoor environment) during
summer. However, there is no difference between two positions
during winter (Fig. 9d). This is because the low outdoor tempera-
ture during winter keeps the temperature variations through the
PCM layer below the melting temperature range of the PCM
(Fig. 9b). Accordingly, the effect of the high heat storage capacity
during phase change is not utilized at these conditions. This
observation is consistent with previous studies [21,28,47,49], where
the energy efficiency of the walls containing a PCM/MPCM in
Madrid and Oslo [21], Hongkong [47], Miami [28], San Francisco
and Los Angeles [49] were numerically investigated. As in the
previous studies, the energy efficiency of the walls containing PCM/
MPCM can be maximized in climates where the outdoor temper-
ature varies around the phase change temperature range. As can be
seen in Fig. 9c and d, increasing the thickness of the PCM layer
causes a higher energy reduction. This is expected both since the
heat storage capacity is enhanced by the higher PCM content, and
because the PCM layer has a lower thermal conductivity than the
concrete layer, thereby providing better insulating properties.
However, the thickness of the PCM layer does not affect the influ-
ence the placement of the PCM layer has on the energy reduction.
3.2. Effect of the insulation layer
The effect of the insulation layer thickness was investigated
utilizing the dimension of the walls as illustrated in Fig. 10. As can
be seen from Fig. 10, there is a decline in the annual energy con-
sumptionwhen the thickness of the insulation layer is increased for
both the reference and MPCM/PCM walls. This is expected because
the heat transfer through the wall is inversely proportional to the
wall thickness, thereby reducing the heat loss or gain, leading to a
decline in energy consumption for maintaining the indoor tem-
perature [21]. However, a thicker insulation layer causes lower
reduction of energy consumption as shown in Fig. 10. This is due to
both the reduced energy consumption and the reduced heat
transfer rate in the presence of a thick insulating layer. This dem-
onstrates that the energy efficiency of MPCM and PCM addition is
decreased when the thickness of the insulation layer is raised.
Another drawback of a thicker insulation layer is very thick walls
resulting in a reduction of useable housing area.
The thermal conductivity of the insulation layer was varied from
0.02 to 0.10W/m C in order to evaluate the effect on the energy
efficiency of thewalls. In this test, the thickness of thewall was kept
constant at 25 cm with a 5 cm insulation layer. Fig. 11 shows the
effect of the thermal conductivity of the insulation layer on the
annual energy consumption and energy reduction of a single house
at the climate conditions of Oslo. As expected, the energy con-
sumption for maintaining the indoor temperature within the hu-
man comfort zone decreases significantly when the thermal
conductivity of the insulation layer is reduced. Accordingly, the
















































































Fig. 9. The temperature variation across PCM layer during (a) 28th July to 02nd August (summer) and (b) 15th January to 20th January (winter); energy reduction of the HVAC
system as function of PCM thickness during (c) summer and (d) winter at different positions of the PCM layer in the MPCM/PCM walls. The inserted pictures illustrate the different
PCM layer positions in the MPCM/PCM walls.









































redu ct io n
(%
)
Fig. 10. The annual energy consumption and energy reduction of the HVAC system for
a single house utilizing a reference wall and a MPCM/PCM wall as a function of the
insulation thickness. The inserted pictures depict the reference wall and the MPCM/
PCM wall.











































Fig. 11. The annual energy consumption of a HVAC system to maintain an indoor
temperature within 19e21 C of a single house utilizing reference and MPCM/PCM
walls, and the energy reductionwhen utilizing MPCM/PCM walls. The inserted pictures
illustrate the reference and MPCM/PCM walls.
V.D. Cao et al. / Energy 186 (2019) 1157928energy consumption utilizing the MPCM/PCMwalls decreases from
108 kWh/m2 (k¼ 0.10W/m C) to approximately 37 kWh/m2
(k¼ 0.02W/m ºC). However, the lower thermal conductivity of the
insulation layer results in a lower energy efficiency of MPCM and
PCM addition. When the thermal conductivity of the insulation
layer decreases from 0.10 to 0.02W/m C, the energy reduction isdramatically reduced from 23% to 8%.
The energy efficiency of PCM addition is strongly depended on
the capacity of storing or releasing heat during phase change and
on the outdoor and indoor temperature [19,21,26]. Typically, in
building applications the PCM should go through a complete phase
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Fig. 12. The temperature variation across (a) the GPC-MPCM layer and (b) the PCM layer during 30th e 31st of July. The inserted pictures are the MPCM/PCM walls. Effect of the
human comfort zone.
V.D. Cao et al. / Energy 186 (2019) 115792 9walls, both the overall thermal conductivity and the heat storage
capacity have a strong effect on the heat transfer of the materials
and the energy consumption of the HVAC system. They also have a
relative effect on each other. The thermal conductivity is a
parameter which is used to characterize the ability of a material to
transmit heat, while the heat storage capacity is the ability of ma-
terials to store or release thermal energy. At a low thermal con-
ductivity, it is difficult to transfer the heat to the indoor




















































Fig. 13. The effect of the human comfort zone temperature on the energy consumption o
conditions of Oslo.temperature variations across the walls. In this case, the effect of
the heat storage capacity of the PCM on the heat transfer process
across the wall is limited when the temperature variation within
the PCM is too small. Consequently, the effect of the heat storage
capacity on the energy performance is neglectable while the ther-
mal conductivity is the dominant effect for stabilizing the interior
temperature. This conjecture is strengthened by Fig. 12, where the
temperature variation across the PCM layer and inner GPC-MPCM
layer during 30th and 31st of July is within the phase change(d) Autumn
(b) Winter
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Fig. 14. The effect of the human comfort zone temperature on the energy reduction in (a) summer, (b) winter, (c) spring and (d) autumn at the climate conditions of Oslo.
V.D. Cao et al. / Energy 186 (2019) 11579210temperature range, and is significantly decreased after reducing the
thermal conductivity of the insulation layer from 0.10W/m C to
0.02W/m C. Furthermore, the low average outdoor temperature of
Oslo also contributes to reducing the effectiveness of PCM addition
when the thermal conductivity of the insulation layer is reduced.
Since people often disagree about what is a comfortable indoor
temperature, it is interesting to examine the effect of the consid-
ered human comfort zone. In order to determine the effect of the
human comfort zone on the thermal performance of a single house
utilizing MPCM/PCM walls, the relationship between various in-
door temperature ranges and the energy efficiency was studied.
The energy consumption and energy reduction as a function of the
average maintained indoor temperature are presented in Fig. 13
and Fig. 14, respectively.
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(a)
24 July
Fig. 15. . (a) The indoor surface temperature and the room temperature; and (b) the com
temperature (Tmax þ Tmin)/2 of 18 C, 22 C and 25 C. The setting room temperature amplaverage maintained indoor temperature is raised and decreases
when the maintained indoor temperature variation becomes
higher for both the reference and MPCM/PCM walls. This is in
agreement with Fig. 15b where the compensated power from the
HVAC system (QHVAC) during 24th July to 08th August increases
significantly when the average setting of the indoor temperature is
raised. The energy consumption is lowest during summer and
highest during winter. This is caused by an outdoor temperature
variation during the summer months (Fig. 5) which is within the
phase change temperature range. In addition, the phase change
temperature range and the maintained indoor temperature over-
lap, leading to an improvement of the effect of the high latent heat
of the PCM, and a reduction of the heat loss/gain through the walls.
During winter, the low outdoor temperature compared to the
















(Tmax+Tmin)/2 = 18 22 25
pensated power from the HVAC system (QHVAC) at an average setting of the room
itude (Tmax-Tmin)/2 is 2 C.
V.D. Cao et al. / Energy 186 (2019) 115792 11from the house and extinguish the effect of the high latent heat
during the phase change. This can also explain why the energy
reduction is highest during summer and lowest in winter (Fig. 14).
In addition, the lower energy consumption and higher energy
reduction in summer compared to the other seasons reveals that
the utilized MPCM/PCM is more effective in warmer climates.
Interestingly, the energy reduction of the MPCM/PCM walls de-
creases from 33% to 26% when the average indoor temperature is
increased from 18 C to 22 C, and reaches a plateau (around 26%) at
higher maintained indoor temperatures during summer. On the
other hand, the energy reduction is independent on the average
indoor temperature for the rest of the year (about 22e23%). The
energy reduction when utilizing MPCM/PCM walls is strongly
dependent on the high heat storage capacity during the phase
change [19]. Since the phase change transition is only properly
utilized during summer (Figs. 7 and 9), the maintained indoor
temperature has little effect on the energy reduction during the
other seasons. In addition, the effectiveness of PCM addition de-
creases when the average maintained indoor temperature is raised
during in the summer months. This observation can be explained
by Fig. 15, which presents the indoor surface temperature and room
temperature at different average settings of the indoor temperature
(18 C, 22 C and 25 C) and the corresponding compensated power
from the HVAC system of a single house from 24th July to 08th
August. As can be seen from Fig. 15a, the indoor surface tempera-
ture variations are mostly within the setting temperature range for
the lowest range (16e20 C), and accordingly the HVAC system is
barely in use (Fig. 15b). At the higher indoor setting temperature
ranges, the indoor surface temperature is lower than the range for
extended periods of time, causing a higher energy consumption.
The annual total cooling and heating loads were reduced by up to
1% and 13%, respectively, when the phase change temperature of
PCM within the outer and inner layers was near the desired indoor
temperature. However, this contradict previous studies [15e17]
where the cooling energy savings were reported to be larger than
the heating energy savings. This discrepancy is probably due to
climate conditions in Algeria that resulted in a unidirectional wall
heat flux during a large portion of the summer but not during the
winter.
4. Conclusion
A numerical model based on the finite differences method was
developed to predict the thermal performance of a single house
utilizing multi-layer walls containing phase change materials
(layers of geopolymer concrete containing MPCM and a PCM layer)
at the climate conditions of Oslo, Norway. Application of this nu-
merical model is much faster and cheaper than experimental
studies, and can therefore be of great help when designing energy
efficient building envelopes. The addition of geopolymer concrete
containing MPCM layers and a PCM layer to the multi-layer walls
was found to significantly reduce the energy consumption of
buildings. The annual energy reduction when utilizing walls con-
taining 15 cm GPC-MPCM (5.2wt%), a 5 cm PCM layer and a 5 cm
insulationwas approximately 28% compared to the reference when
the maintained indoor temperature was 19e21 C. The PCM layer
was more effective when it was placed closer to the outdoor
environment. Furthermore, the insulation layer has a significant
impact on the thermal performance of these multi-layer walls.
Although an increased thickness and a reduction of the thermal
conductivity of the insulation layer reduce the energy consump-
tion, it also diminishes the effectiveness of the high heat storage
capacity of the MPCM/PCM layers. The thermal performance was
found to be dependent on the season and the considered human
comfort temperature. The energy consumption was lowest duringsummer and highest during winter, while the energy reductionwas
highest during summer (up to 32%) and lowest during winter
(about 23%). Interestingly, the energy efficiency of MPCM/PCM
walls is strongly depended on the considered human comfort zone
in the summer months while it is independent of the indoor tem-
perature for the rest of the year. The results illustrates that the
developedmodel can be used as a quantitative tool to determine an
optimal design of multi-layer walls containing MPCM/PCM in order
to improve the thermal performance of buildings. The wall design
(thickness, materials selection, phase change range of the PCM)
should be carefully chosen taking into consideration the relevant
climate conditions and the human comfort zone to obtain optimal
energy efficient buildings.
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